This study used polymer devices implanted in rats to investigate the effect of prevascularization by basic fibroblast growth factor (bFGF) on hepatocyte transplantation (HTx). Lewis rats served as both donors and recipients. Polyvinyl alcohol (PVA) sponges with either hydrogel containing bFGF (bFGF group) or distilled water (control group) were implanted between the mesenteric leaves of recipient rats. Hepatotrophic stimulation was induced by a portacaval shunt and a 70% partial hepatectomy. After 1 week of prevascularization, hepatocytes harvested from the donor Lewis rats using a collagenase digestive method were injected into the sponges. Specimens were harvested at 2 weeks, 1 month, and 2 months after HTx. Histologic examination revealed that the control groups contained small numbers of hepatocytes restricted to the peripheral areas of the sponges. However, a large number of hepatocytes, including clusters, was found distributed uniformly in the bFGF group. In the bFGF group at 2 weeks, 1 month, and 2 months, the percentage of the sponge occupied by hepatocytes was 7.21 ± 2.64%, 6.98 ± 2.59%, and 5.58 ± 3.77%, respectively. The corresponding ratios for the control group were 0.40 ± 0.39%, 0.40 ± 0.40%, and 0.87 ± 1.51%. In addition, the mean number of new blood vessels in the bFGF group was significantly greater than that in the control group at 0 days, 2 weeks, and 1 month after HTx. These results suggest that bFGF strongly induced vascularization, which enabled a large number of hepatocytes to survive in the polymer devices.
INTRODUCTION
alternative method of transplanting hepatocytes into the peritoneal cavity has been the use of polymer devices Hepatocyte transplantation (HTx) is a potential therfor delivering and sustaining hepatocytes (16, 20) . One apy for patients with various liver diseases such as endof the major problems with this method has been the stage liver disease and genetic metabolic disorders and large amounts of transplanted hepatocytes that have died has been studied as an alternative to liver transplantation early due to the poor vascularization in the polymer de-(3, 14, 21) . Clinical trials have been recently reported vices upon HTx. To address this issue, we hypothesized (6, 18) . While intrasplenic and transportal transplantation that neovascularization of the polymer device will imare the most commonly used methods, the number of prove hepatocyte survival. Basic FGF (bFGF) is known transplantable hepatocytes remains limited due to the as a key factor in the process of wound healing, inducing high risk of portal embolization accompanying such neovascularization. It has been reported that strong neomethods (8, 9) . As an alternative site, the peritoneal cavvascularization was induced using gelatin hydrogels ity could be an ideal location due to its large capacity.
containing bFGF in the subcutaneous space, which de-In view of the anchorage dependence of hepatocytes and graded with time and released bFGF gradually (19) . In rapid cell loss after transplantation of freely suspended this study, we seeded this form of bFGF onto the polyhepatocytes into the peritoneal cavity (7) , a variety of mer devices to obtain adequate vascularization and exmaterials such as microcapsules or microcarriers conamined the effect of vascularization on hepatocyte attaining extracellular matrix components for cell engrafttachment to the devices. ment have been utilized with limited success (2,4). An 724 OGAWA ET AL.
MATERIALS AND METHODS
were used as donors and recipients. All animals were maintained in a 12-h light-dark cycle during the experi-Angiogenic Factor mental period and were treated in accordance with the Human recombinant bFGF was supplied by Kaken guidelines of our institute. The recipient rats were di-Pharmaceutical Co. (Tokyo, Japan) and used as an angivided into two groups: the bFGF group using polymer ogenic factor. bFGF was incorporated into a microdiscs filled with microspheres containing bFGF, and the sphere of gelatin hydrogel, which was supplied by the control group using discs packed with microspheres con-Institute for Frontier Medical Sciences, Kyoto Univertaining distilled water. Under inhalational anesthesia sity (Kyoto, Japan). The water content of the hydrogel with diethyl ether, a midline abdominal incision was was 95%, and the diameter was about 100 µm. This type performed and 2-3 discs were implanted between the of gelatin hydrogel degrades in vivo with time and the mesenteric leaves. At the same time, an end-to-side por-bFGF was released gradually over 2 weeks (19) .
tacaval shunt was created with 8-0 prolene to generate systemic hepatotrophic stimulation for the HTx (5,20).
Polymer Preparation
After 1 week of prevascularization, hepatocytes were Polyvinyl alcohol (PVA) sponges (250 µm pore size) isolated from the donor Lewis rat and HTx was perwere supplied by Kanebo Co. Ltd. (Osaka, Japan) and
formed to the recipient rat. Briefly, hepatocytes were cut into discs (12 mm diameter, 3 mm thickness). Each isolated using a modified version of the two-step colladisc was gas sterilized with ethylene oxide. Twenty migenase digestive method originally described by Berry croliters of bFGF solution (50 µg) in saline was placed and Seglen (1,17). Cell viability, assessed by the trypan onto the freeze-dried microspheres (2 mg), followed by blue exclusion test, ranged from 59.0% to 87.4%. The storage for 1 h at 25°C to prepare the gelatin microhepatocytes were suspended in Hanks solution at a final spheres containing bFGF. Similarly, bFGF-free, empty concentration of 1-2 × 10 7 cells/ml. Then a laparotomy gelatin microspheres were prepared by use of 50 µl sawas performed, and an isolated hepatocyte suspension line solution. The microspheres containing bFGF were (1 ml per disc) was injected directly into each prevascudispersed in 200 µl of saline solution and the microlarized disc with a 20-gauge needle. A 70% partial hepasphere suspension was injected homogenously into the tectomy for hepatotrophic stimulation at HTx was also PVA disc just before the recipient operation. Discs inperformed during the second operation. jected with 2 mg of empty gelatin microspheres were also prepared.
Morphological Quantitative Analysis Animal Model
The animals were sacrificed at 2 weeks, 1 month, and 2 months after HTx (control group: n = 5, 5, and 2; Inbred male Lewis rats (Charles River Japan, Inc., Kanagawa, Japan) weighing between 180 and 340 g bFGF group: n = 5, 5, and 4) and a total of 53 sponges (control group: n = 10, 10, and 4; bFGF group: n = 10, Evaluation of Blood Vessels in the Discs 11, and 8) were harvested and stained with hematoxylin and eosin (2w, 1m, 2m). A cross-sectional area of 3 × To examine the degree of neovascularization into the disc, staining for von Willebrand factor was performed l2 mm was obtained from the middle of the disc. Five areas were randomly selected in the section. The area to identify the blood vessels in the discs. Five areas of microscopic field (×100) were randomly selected and occupied by surviving hepatocytes was measured using computer-assisted analysis with NIH Image version 1.61 the number of blood vessels in the field counted. In this analysis, specimens at HTx (0 days) (control group: n = software (Division of Computer Research and Technology, NIH, Bethesda, MD, USA) and expressed as the 10, bFGF group: n = 10) were also harvested and analyzed. hepatocyte occupied ratio for each disc. 
Statistical Analysis
control group. However, many blood vessels were found near the hepatocytes throughout the disc in the bFGF All values are expressed as mean ± SD and were stagroup. Figure 5 shows that the greatest difference in the tistically evaluated with the Mann-Whitney test. A value number of blood vessels between the two groups was of p < 0.05 was considered statistically significant.
seen at HTx. The mean number of vessels at HTx in the RESULTS control group was less than 5, while it was more than 10 in the bFGF group. At all time points, there were The recipient rats tolerated multiple operations well. more vessels in the bFGF group than in the control Macroscopic findings after 1 week of prevascularization group. Up to 2 weeks, the number of blood vessels inidentified many small new blood vessels in both groups creased rapidly, but after 2 weeks no significant increase originating from the mesenteric vessels and entering into was observed in either group. the polymer discs (Fig. 1) . These microscopic findings showed that, in the control group, at any time point, a DISCUSSION small number of viable hepatocytes was restricted to the periphery of the disc. On the other hand, there were HTx using polymer devices in the peritoneal cavity has the potential to accommodate a large number of he-many more hepatocytes not only in the peripheral area but also in the center of the disc of the bFGF group.
patocytes. However, it has been reported that the majority of hepatocytes died within a few days after HTx due Large clusters of hepatocytes were also seen in this group (Fig. 2) .
to a lack of oxygen and nutrition caused by poor neovascularization, particularly at the center of the polymers The calculated hepatocyte area is shown in Figure 3 . While the mean hepatocyte area was less than 1% at (15) . In this study, there were a small number of new blood vessels in the polymer devices at HTx and only a each time point in the control group, hepatocytes occupied more than 5% of the disc in the bFGF group, and few hepatocytes survived in the control group, while strong neovascularization occurred and many hepato-exceeded 10% in 5 of the 29 discs. Although there were significant differences between the two groups at each cytes survived not only near the surface but also at the center of the polymer devices in the bFGF group. These time point, hepatocyte proliferation over time was not observed in either group.
findings indicate that there was close relationship between the degree of neovascularization and hepatocyte Results of von Willebrand factor staining 2 weeks after HTx are shown in Figure 4 . New blood vessels attachment. From these results, we demonstrate that neovascularization induced by bFGF has positive effects on were mainly observed in the periphery of the disc in the Figure 3 . Calculated hepatocyte area (%) (portion of the disc occupied by hepatocytes). Number of rats was 5, 5, and 2 for the control group and 5, 5, and 4 for the bFGF group, and number of sponges was 10, 10, and 4 for the control group and 10, 11, and 8 for the bFGF group at 2 weeks, 1 month, and 2 months, respectively. p < 0.05 at any time point. Many new blood vessels were found throughout the sponge (arrows). engraftment and survival of hepatocytes in polymer de-ing bFGF implanted subcutaneously into the dorsum of mice, which degraded with time and released bFGF vices.
In previous studies, prevascularization was obtained gradually, strongly induced neovascularization and tissue granulation around the implantation site compared by creating a given 5-7-day time lag between sponge implantation and HTx (11, 20) . However, using this with bFGF in solution form (19) . In this study, we used the same technique in our polymer devices and morpho-method, neovascularization occurred only in the area near the polymer surface. To address this issue, we logical analysis revealed that better vascularity in the devices was induced in the bFGF group than the control used bFGF as an angiogenic factor. The half-life period of bFGF in the body is too short to exert enough biologi-group. These data indicate that bFGF in gelatin hydrogels is effective for prevascularization of the polymer cal activity when used in solution form. Tabata et al. reported that microspheres of gelatin hydrogels contain-devices. Figure 5 . The number of new blood vessels per one microscopic field (×100). Number of rats was 5, 5, 5, and 2 for the control group and 5, 5, 5, and 4 for the bFGF group, and number of sponges was 10, 10, 10, and 4 for the control group and 10, 10, 11, and 8 for the bFGF group at 0 days, 2 weeks, 1 month, and 2 months, respectively. p < 0.05 at 0 days, 2 weeks, and 1 month.
PVA sponges have uniform pores, which can provide ing EGF-like growth factor (HB-EGF), seems to be indispensable (10, 13) . well-equalized vascularization. In preliminary experiments of PVA sponges with different pore sizes, we
In summary, we have demonstrated that bFGF strongly induced vascularization, which enabled a large found that 250 µm was the most suitable for hepatocyte attachment because it resulted in good vascularization number of hepatocytes to attach to the polymer devices in this preliminary study. Further study will be directed and adequate space for hepatocytes (data not shown).
One of the problems is that this polymer is nondegrad-at the use of biodegradable polymer devices and exogenous hepatotrophic stimulation, which are expected to able. This type of polymer will induce some inflammatory or foreign body reaction for a long period and may facilitate better cell attachment and longer cell survival. have some negative effects on the implanted cells. To poor hepatocyte attachment resulted (data not shown). In the future, we hope that biodegradable polymer de-REFERENCES vices that have uniform pore sizes, which would be able to provide the basis for good vascularization, will be 
